Abstract Wnt5a is a member of the Wingless-related/ MMTV-integration family of secreted growth factors, which are involved in a wide range of cellular processes. Wnt signaling can be broadly divided into two categories the canonical, ß-catenin-dependent pathway and the noncanonical ß-catenin-independent pathway. Wnt5a is a noncanonical signaling member of the Wnt family. Loss of Wnt5a is associated with early relapse of invasive breast cancer, increased metastasis, and poor survival in humans. It has been shown that TGF-ß directly regulates expression of Wnt5a in mammary gland and that Wnt5a mediates the effects of TGF-ß on branching during mammary gland development. Here we review the evidence suggesting Wnt5a acts as an effector of TGF-ß actions in breast cancer. It is suggested that the tumor suppressive functions of TGF-ß involve Wnt5a-mediated antagonism of Wnt/ß-catenin signaling and limiting the stem cell population. Interactions between TGF-ß and Wnt5a in metastasis appear to be more complex, and may depend on specific cues from the microenvironment as well as activation of specific intracellular signaling pathways.
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Introduction
Identification of Wnt5a as a Down-Stream Target of TGF-ß
Due to the complex nature of mammary gland development and breast cancer, it is likely that coordination of signaling by many factors is involved. The Transforming Growth Factor-beta (TGF-ß) family of polypeptides consists of multifunctional factors involved in the development of many organ systems and in the progression of disease (reviewed in [1, 2] ). TGF-ß1, ß2, and ß3 are members of this multi gene family, which also includes inhibins, bone morphogenic proteins and growth and differentiation factors [3, 4] . TGF-ßs have long been associated with diverse cellular processes including but not limited to growth, differentiation and cell migration. TGF-ßs are differentially regulated during postnatal mammary gland development [5] [6] [7] [8] . All three isoforms have been detected in the terminal end buds. Expression of TGF-ß2 and TGF-ß3 are up regulated in response to pregnancy, while TGF-ß1 levels remain constant. The level of all three isoforms of TGF-ß is dramatically reduced during lactation. TGF-ß1 expression then rises during involution [9, 10] . TGF-ß receptors type I and type II (Tgfbr1 and Tgfbr2) are expressed throughout mammary gland development in both epithelial and stromal cells [11] . TGF-ß has been shown to have several important functions during mammary development including regulation of ductal outgrowth, lateral branching, lactation, and apoptosis (Reviewed in [5, 6] ). In addition, it was shown that TGF-ß can limit regeneration of the mammary gland during serial transplantation of mammary epithelial cells into mouse cleared fat pads [12] [13] [14] . Members of the TGF-ß family also have a complex and important role in mediating tumor progression and metastasis (Reviewed in [6, 15] ). TGF-ß has biphasic effects on tumor progression; acting as a tumor suppressor in early stages of breast cancer but either promoting or inhibiting tumor metastasis later depending on microenvironmental factors. The mechanisms by which TGF-ß act during tumor progression are not completely known.
In an effort to understand the role of TGF-ß signaling in mammary gland development and cancer in vivo, we previously constructed transgenic mice that express a truncated, dominant-negative mutation of Tgfbr2 (DNIIR) [11, 16, 17] . Microarray analysis was used to identify genes that were regulated by alterations in TGF-ß signaling in the mammary gland. Wingless-related MMTV Integration Site 5A (Wnt5a), a non-canonical signaling Wnt, was identified in this screen. Direct regulation of Wnt5a by TGF-ß was verified in primary cells in culture and Smad binding sites were identified in the Wnt5a promoter [18, 19] . Wnt5a is associated with poor prognosis and early relapse of invasive breast cancer in humans suggesting that, like TGF-ß, Wnt5a can act as a tumor suppressor [20] [21] [22] . Using Northern blot analysis it was shown that, similarly to TGF-ß, Wnt5a is expressed at all stages of mammary development except lactation [23, 24] . During embryonic development, Wnt5a mRNA was localized by whole mount in situ hybridization to a broad strip of mesenchyme underlying the area where the mammary placodes form [25] . In adult virgin mice, expression was detected by Northern blot in RNA isolated from cleared fat pads, suggesting that Wnt5a is expressed in the mammary stroma [24] . More recently, it was shown using microarray screens that Wnt5a is preferentially expressed in the terminal end buds (TEB) relative to the mature ducts [26] and we have shown using in situ hybridization that Wnt5a is also expressed in both the ductal epithelium and stroma of adult mice.
Wnt Signaling
The Wnt family of proteins consists of at least 19 members whose functions contribute to the regulation of a wide range of cellular processes including proliferation and differentiation (Reviewed in [27, 28) . Wnts have also been implicated in tumor formation [29, 30] . Wnts were first identified in mammals as the proto-oncogenic integration site (int-1) for the Mouse Mammary Tumor Virus (MMTV). It was subsequently shown that the int-1 protein was homologous to an important patterning protein, wingless, in Drosophilia. The name Wnt evolved as a combination of the two terms. Wnts activate many signaling cascades that can be broadly divided into two general categories 1) the canonical, ß-catenin pathway and [2] the non-canonical ß-catenin independent pathways including the planar cell polarity pathway (PCP) and the Wnt/Ca 2+ pathway ( Fig. 1 ; [27, 28, 31, 32] . Canonical Wnts transmit their signals by binding to a subset of members within a family of seven-passtransmembrane-spanning receptors, termed Frizzled receptors, in addition to co-receptors that belong to the LDLreceptor-related protein family. In the absence of Wnt, Glycogen Synthase Kinase-3ß (GSK-3ß) is active and phosphorylates ß-catenin, targeting it for degradation. In the presence of Wnt, the cytoplasmic protein, dishelleved (Dsh), acts to inhibit the activity of GSK-3ß, which is in a complex with the Adenomatous Polyposis Coli protein and Axin resulting in stabilization of the ß-catenin protein and its subsequent translocation to the nucleus. Nuclear ß- Figure 1 Wnt signaling pathways. Wnt signaling can be broadly divided into two categories: canonical, ß-catenin dependent signaling and non-canonical, ß-catenin independent signaling. The most well characterized of the non-canonical signals are the Planar Cell Polarity (PCP) pathway and Wnt/Ca + 2 pathway. PCP and Wnt/Ca signaling have been shown to regulate cell migration catenin associates with the Lymphoid Enhancer Factor/ T-Cell-Specific Transcription Factor (LEF/TCF) family of transcription factors and activates transcription of Wnt target genes (Reviewed in [28] ).
The non-canonical signaling pathways are not as well characterized. Wnt5a and Wnt11 are representative examples of non-canonical signaling Wnts both of which are expressed in the mammary gland. The signaling pathways are termed non-canonical in that they do not involve stabilization of ß-catenin. Like canonical signaling, the PCP pathway signals through Dsh; however, this pathway results in cytoskeletal changes and cell movement via activation of RhoA, and c-Jun N-terminal kinase (JNK) [29] . The Wnt/Ca 2+ pathway leads to the release of intracellular Ca 2+ , which can have effects on Calmodulin Kinase II and/or Phospho Kinase C (PKC) depending on the cell type. This pathway also involves the activation of a G i/o class G-protein since it is inhibited by pertussis toxin [32] [33] [34] . In addition, it has been shown that some noncanonical signaling Wnts can directly antagonize canonical signaling although the mechanism appears to vary from cell type to cell type [35] [36] [37] . Non-canonical Wnts also utilize Frizzled receptors. Frizzled 2, 3, 5, and 6 are representative receptors for non-canonical Wnts. In addition, the phosphotyrosine kinase receptors, ROR1, ROR2, and PTK7, can act as co-receptors for some of the non-canonical signals [37, 38] . It has also been shown that receptor blocking antibodies specific to Frizzled 5 blocked the effects of Wnt5a on breast cancer motility. Receptor blocking antibodies targeted to Frizzled 2 had no effect suggesting Frizzled 5 is a receptor for Wnt5a in breast cancer [39] .
Wnt5a Mediates the Effects of TGF-ß on Branching in the Mammary Gland
Similarly to TGF-ß, Wnt5a regulates mammary development [18] . Slow release pellets containing Wnt5a inhibited both ductal extension and lateral branching when implanted into mouse mammary glands. Delayed development was associated with a decrease in cell proliferation as measured by BrdU incorporation. Furthermore, Wnt5a inhibited branching in mammary organoids grown in 3-dimensional culture. Loss of Wnt5a resulted in large terminal end bud size and increased branching and proliferation. The effects of losing Wnt5a were observed when Wnt5a null epithelium combined with Wnt5a null stroma was grown under the kidney capsule of host mice as well as when null epithelium alone was placed into the cleared fat pad of a wild type host. This result suggested that even though Wnt5a is expressed and regulated by TGF-ß in both epithelial and stromal compartments, Wnt5a from the host stroma is not sufficient to mediate branching. Since Wnt5a has similar effects as TGF-ß on mammary development, it was hypothesized that Wnt5a could act as a down-stream mediator of TGF-ß's action. When slow release pellets containing TGF-ß were placed in glands containing Wnt5a null epithelium, TGF-ß was not able to inhibit ductal extension. In addition, TGF-ß did not inhibit branching in Wnt5a-null organoids grown in 3-D culture. Togther the results suggested that Wnt5a is required for TGF-ß's effects on branching morphogenesis [18] . Subsequently it was shown the Wnt5a has similar effects on prostate development; however, a link to TGF-ß signaling was not investigated [40, 41] .
TGF-ß, Wnt5a and the Mammary Stem Cell Population
Mammary and Cancer Stem Cells
Mammary gland development is a good model to study basic questions in cancer biology including mechanisms of growth, differentiation, and invasion. [42] [43] [44] . At the onset of puberty the ductal epithelium responds to hormones and growth factors and begins to ramify through the fat pad guided by TEBs, specialized structures where active proliferation, invasion, and differentiation occur. The epithelium continues to grow until it reaches the limit of the fat pad where the TEBs disappear and the ductal tree remains relatively quiescent until the onset of pregnancy. During pregnancy another round of proliferation and differentiation occurs leading to the formation of lobuloalveolar structures. After removal of the pups, involution via apoptosis and remodeling occurs returning the gland to a quiescent state. Multiple rounds of regulated growth and differentiation through the lifetime of the mouse, in addition to initial organogenesis, necessitate a population of cells that can expand and differentiate into all of the mammary epithelial cell types. It has been proposed that the cells underlying these processes are mammary stem cells (MaSCs), which have the capacity to self-renew and generate daughter cells that can form cells of any of the three mammary epithelial lineages: luminal, myoepithelial, and alveolar. Evidence for the existence of MaSCs was first demonstrated by transplanting fragments of mouse mammary epithelium into a cleared fat pad to generate functional mammary epithelial outgrowths of luminal, basal, and alveolar cells [45] [46] [47] . The search for cell surface differentiation markers became essential to conclusively demonstrate MaSCs existence and characterize their cellular and molecular mechanisms. Two groups provided this major step forward in the field by observing that LinCD29hi or CD49fhiCD24+ cells could regenerate an entire mammary gland from a single MaSC [48, 49] . Currently, a differentiation hierarchy within the mammary gland that originates as a self-renewing stem cell capable of asymmetrically dividing leading to transit amplifying or progenitor populations that give rise to all three epithelial lineages is being uncovered (Reviewed in [50, 51] ).
Heterogeneous pathology and molecular profiles found within breast cancer suggested the existence of cancer stem cells. The cancer stem cell hypothesis was first proposed by Dick and colleagues when studying acute myelogenous leukemia and states that mutations within the stem cell population may result in unregulated self-renewal, resulting in more differentiated progeny that give rise to cancer [52] . Recent studies utilized a similar approach to isolating tumor initiating cells in solid human breast tumors and demonstrated only a small population of cells within the tumor expressing Lin-CD24low CD44+ may initiate new tumor growth. Consistent with the hypothesis, this subset of cells generated a tumor that maintained identical heterogeneity as the original tumor [53] , indicating stem cell-like properties of self-renewal and the ability to differentiate into multiple cell types. The relationship between normal mammary stem cells and tumor stem cells is not yet clear, but evidence is accumulating that the tumor stem cell is derived from normal mammary stem or transient amplifying progenitor cells [51] . An important pathway shown to play a role in carcinogenesis and maintenance of stem cells in multiple cell types is Wnt signaling [54] .
Canonical Wnt Signaling Regulates Maintenance and Proliferation of Stem Cells
Canonical Wnt signaling has been implicated in maintaining regulation of the stem cell microenvironment. As a key paracrine secreted factor, it controls stem cell fate by suppressing differentiation and promoting self-renewal as seen in skin, intestine, and other tissues including breast [54] . Knockout studies of the Tcf4 transcriptional factor demonstrated prevention of stem cell activity in the small intestine [55] . Furthermore, hematopoietic stem cell selfrenewal was promoted upon addition of exogenous canonical Wnt protein, Wnt3a, in vitro and in vivo [56] . Together, these studies suggest that canonical Wnt signaling mediates the maintenance or expansion of stem cell populations in multiple tissues.
An extensive amount of evidence has indicated that canonical Wnt signaling plays a significant role in maintaining stem cell activity in mouse mammary glands. MaSCs have been shown to reside within the basal epithelial compartment of the mammary gland [48, 49] where expression of the Wnt receptor, Lrp5, can also be found [57] . In the absence of Lrp5, stem cell activity within the mammary gland is lost, thereby, preventing its regenerative capability [57] . Secretion of the Wnt ligand, Wnt4, is stimulated by progesterone receptors found within the mammary gland, which has been shown to activate β-catenin signaling and increase stem cell activity [58] [59] [60] . Inhibition of β-catenin signaling in the mammary gland resulted in disruption of lobuloalveolar development [61] , suggesting that MaSCs require signaling from Wnt to maintain the stem cell niche and the cells required for development during pregnancy. Supporting this model, elevated levels of exogenous Wnt3a resulted in an expansion of the MaSC population in vitro and after transplantation [62] . Gain-of-function mutations of β-catenin signaling using ΔN89β-catenin mice also demonstrated increased MaSC self-renewal [63] . Collectively, these studies demonstrate the importance of Wnt signaling in normal MaSC function. In addition, activation of canonical Wnt signaling in the mammary gland has been suggested to induce tumorigenesis from stem and luminal progenitor populations. Isolated cells from MMTV-Wnt1 mammary tumors support this concept by demonstrating an expansion of stem and Sca-1 cell populations as well as heterogeneity within the tumors [48, [63] [64] [65] [66] .
Regulation of Stem and Progenitor Cells by TGF-ß and Wnt5a
As mentioned above, members of the TGF-ß family have a complex and important role in mediating tumor progression and metastasis (Reviewed in [6, 15) . TGF-ß acts as a tumor suppressor in early stages of breast cancer. The mechanism by which TGF-ß acts as a tumor suppressor is not completely known; however, when overexpressed, TGF-ß can limit the life-span of mammary stem cells as measured by reduced ability to regenerate a mammary gland after serial transplantation [14] . This loss of stem cell activity correlated with reduced tumor formation [12, 13] . In addition, both RNA and protein levels of Sca-1, a marker for luminal progenitor cells [67, 68] , were increased in DNIIR glands suggesting that loss of responsiveness to TGF-β results in an increase in this population of progenitor cells present in the mammary gland [69] . Furthermore, expression of the DNIIR in MMTV-PyVmT tumors resulted in redirection of tumors to a more basal phenotype suggestive of a stem or progenitor cell origin [69] . Recently, it was shown that TGF-ß could reduce the Hoechst dye stained side population, which is thought to be enriched in luminal progenitor cells, in breast cancer xenografts again suggesting TGF-ß could regulate stem or progenitor populations [70] . Another study supporting a role for TGF-ß in regulating the stem or progenitor cell population in the mammary gland involved determining the global gene expression pattern in CD24 + CD44+ breast cancer stem cells. Serial Analysis of Gene Expression data indicated that TGF-β signaling was silenced within this population by chromatin modification and promoter meth-ylation [71] . Collectively, these results support a role for TGF-ß in limiting the stem cell population. More importantly, these findings suggest a novel mechanism for TGF-ß's tumor suppressive role.
Loss of Wnt5a has been shown to associate with poor prognosis in breast cancer patients [20] [21] [22] . Furthermore, a screen of Wnt expression in various established tumor cell lines showed that, in general, canonical Wnts were upregulated in cancer cell lines relative to normal human mammary epithelial cells while the expression of noncanonical Wnts, including Wnt5a, was down-regulated suggesting that like TGF-ß, Wnt5a can act as a tumor suppressor [72] . In support of this observation, suppression of Wnt5a expression leads to transformation similar to that induced by Wnt1. Likewise, Wnt1 transformed epithelial cells regain normal morphological properties upon induction of Wnt5a expression [73] [74] [75] [76] .
There is also evidence that Wnt5a can limit the stem or progenitor cell populations in the mammary gland. Since loss of Wnt5a is perinatal lethal [77] and no floxed Wnt5a mouse is available, mammary buds from E16.5-E18.5 day Wnt5a null embryos were rescued and transplanted into cleared fat pads of SCID mice [18] . Wild type tissue was transplanted as a control. Sca-1 expression was visibly increased in lysate from Wnt5a null epithelial cells, suggesting that loss of Wnt5a resulted in an increase in this mammary progenitor population [69] . It was also shown that Wnt5a-null, MMTV-PyVmT tumors demonstrated redirection of the mammary tumor phenotype to that resembling a more heterogenous and basal type tumor suggesting a stem or progenitor origin. The phenotype of these tumors was reminiscent of tumors generated by activation of canonical ß-catenin signaling [78, 79] .
It has been shown in other model systems that Wnt5a can antagonize the canonical Wnt pathway [35-37, 80, 81] . Since canonical Wnt signaling is involved in stem cell maintenance, it was proposed that Wnt5a contributes to the regulation of stem cells through suppression of canonical signaling. Indeed, β-catenin localized more strongly to the nucleus in TGF-β and Wnt5a deficient tumors than in control tumors [69] . In addition, transcriptional targets of ß-catenin signaling, including Axin2, were up-regulated in the Wnt5a-deficient tumors. Nontumorigenic ductal tissue from DNIIR or Wnt5a deficient glands also demonstrated increased activation of canonical Wnt signaling. Taken together, the data suggests that TGF-β and Wnt5a and can inhibit canonical Wnt signaling within the mammary epithelium and redirect mammary tumor phenotype to more basal characteristics. It was proposed that TGF-ß acting through Wnt5a antagonizes ß-catenin thereby limiting the stem or progenitor cell populations providing a novel mediator for TGF-ß's tumor suppressive effects (Fig. 2) .
Wnt5a in the Regulation of Migration and Metastasis
Wnt5a as an Inhibitor of Migration and Metastasis
Apart from the tumor suppressive role of Wnt5a on initiation of breast cancer, other studies have focused on the effects of Wnt5a on the progression of invasive breast cancer. Loss of Wnt-5a protein is associated with poor differentiation and shortened recurrence-free survival in invasive ductal breast cancer because of higher frequency of distant metastases, suggesting a suppressive role of Wnt5a in breast cancer metastasis [21] . Branching involves both regulated cell proliferation and migration activities that are unregulated during metastasis. It was shown that when cells of a human mammary epithelial cell line, HB2, were grown on plastic in monolayer, Wnt5a expression was very high [82] . When the cells were grown in 3-dimensional culture under conditions that promote branching, Wnt5a expression was significantly reduced and down-regulation of Wnt5a preceded branching. In addition, Hepatocyte Growth Factor (HGF), which promotes branching, was shown to down-regulate Wnt5a expression [82] . Similar results were found in a spontaneously immortalized human epithelial cell line, MCF10A suggesting an inverse corre- Figure 2 Antagonism of Wnt/ß-catenin signaling by TGF-ß and Wnt5a. Wnt is a secreted factor that binds to frizzled receptors on basal cells, enabling β-catenin to escape destruction and translocate into the nucleus to associate with the transcription factors, TCF/LEF. Upon association, transcription of genes responsible for proliferation and stem cell maintenance, such as c-myc, tcf4, and axin2, is stimulated. We propose that TGF-ß acting through Wnt5a antagonizes Wnt-ß-catenin signaling through a yet unknown mechanism thus limiting the stem cell population lation between Wnt5a expression and branching [83] . In a separate study, over-expression of Wnt5a in HB2 cells inhibited HGF-induced branching in 3-dimensional culture while anitisense inhibition of Wnt5a expression promoted branching under the same conditions [73] . Reduced Wnt5a expression also resulted in decreased adhesion to collagen and increased migration in monolayer cultures. In support of the in vitro studies, levels of Wnt5a were higher in the mammary stroma of C57BL/6 mice, which have low levels of endogenous branching, when compared to that of the 129 strain suggesting an inverse correlation between branching and Wnt5a expression in vivo [84] . This correlation was not found in F2 crosses between C57BL/6 and 129 mice, where branching is highly variable, making the role of Wnt5a in vivo less clear.
It has been shown that Wnt5a is necessary for activation of the Discoidin Domain Receptor 1 (Ddr1) by collagen [73] . Ddr1 and Ddr2 are receptor tyrosine kinases that act as collagen receptors [85, 86] . In tumors, Ddr1 is primarily expressed on epithelial cells while Ddr2 is primarily expressed in the surrounding stroma [87] . Although Ddr1 and integrins can both act as receptors for collagen, they exert their effects via distinct intracellular signaling pathways [88] . Ddr1 is highly expressed in several human breast tumors [89] . Previously, it was shown that repression of Wnt5a in HB2 cells results in enhanced cell motility and impaired binding to collagen [73] . Alterations in binding and migration after depletion of Wnt5a were correlated with impaired phosphorylation of Ddr1. Activation and subsequent phophorylation of Ddr1 was shown to require both collagen and Wnt5a, neither alone was sufficient to activate the receptor. Activation of Ddr1 in vitro was independent of ß-catenin and required G-protein activity suggesting Wnt/Ca +2 signaling was involved [90] . A binding partner for Ddr1, Darp32 is a phospho-dependent antimigratory molecule. Wnt5a triggers Frizzled-3/Gαs/cAMP signaling that results in PKA-dependent phosphorylation of Darp32. Furthermore, phospho-Darp32 increases Wnt5a-mediated CREB activity eliciting the anti-migratory response [91] . It was proposed that elevated metastatic ability, including altered adhesion and increased migration, in breast cancers that lack Wnt5a is caused by alterations in Ddr1/Darp32 activity [39, 91] (Fig. 3) . Based on the studies suggesting Wnt5a acts to inhibit metastasis, a Wnt5a peptide agonist, named FOXY-5, was developed and tested [39, 92, 93] . In vitro assays were used to show that both recombinant Wnt5a and FOXY-5 could inhibit cell migration and invasion without affecting cell growth or apoptosis. Metastasis of breast cancer cells injected into the mammary fat pad was also inhibited by i.p. injection of FOXY-5 into mice. The results suggest that Wnt5a can be used as a therapeutic target to inhibit breast cancer metastasis.
Wnt5a Can Also Promote Metastasis
Depending on different cell/tissue contexts, Wnt5a acts as either a promoter or suppressor of aggressiveness in different types of cancer. In thyroid and colorectal cancer, Wnt5a has inhibitory effects on cell growth, invasion and migration [74, 94, 95] . On the other hand, in the aggressive skin cancer, melanoma, Wnt5a directly promotes cell invasion and motility through inhibition of metastasisassociated genes (KISS1 and CD44) and induction of Epithelial-Mesenchymal-Transition (a key step in metastasis) in a PKC-dependent manner [96] [97] [98] . This positive role of Wnt5a in melanoma metastasis could be inhibited by a Wnt5a-derived antagonist and is mediated by Ror2 [98, 99] . Ror2 is a known co-receptor for Wnt5a [100] . Ror2 plays important roles in enhancing cell invasion and migration in multiple cancer types, including osteocarcinoma, prostate carcinoma, and renal cell carcinoma [101] [102] [103] . Several lines of evidence have also indicated that Wnt5a-Ror2 signaling can induce selective expression of Matrix Metalloproteinases (MMPs), which provides fundamental mechanisms to connect Wnt5a and microenvironment in tumor metastasis, and suggests potential targets for therapeutic strategies in those types of cancer [102] [103] [104] .
One example of Wnt5a promoting malignant progression in breast cancer is dependent on the microenvironment. Wnt5a signaling is essential for macrophage-induced invasion of the breast cancer cell line, MCF-7 [105] . It was previously shown that co-culture of MCF-7 breast cancer cells with macrophages enhanced MMP-dependent Figure 3 Roles of Wnt5a in tumor metastasis. Wnt5a is a secreted protein, which could act both in autocrine and paracrine ways to affect tumor cells and their microenvironment. Wnt5a may act to inhibit metastasis through increased activity of Ddr1 and inhibition of migration. Wnt5a can also promote metastasis, depending on the context of the microenvironment. In this case tumor cells regulate expression of Wnt5a in tumor associated macrophages. Wnt5a then regulates activities in both the tumor cell and the macrophage resulting in increased invasion. F: Fibroblast, L: Lymphocyte, M: Microphage invasion and resulted in up-regulation of Wnt5a in macrophages. The study showed that non-canonical signaling via JNK in the tumor cell was necessary for invasion as was Wnt5a induced MMP expression in the macrophages. The authors concluded that Wnt5a mediated cell migration in tumor cells as well as proteolytic activity of the macrophages (Fig. 3) . Macrophages play a critical role in extracellular-matrix breakdown and remodeling, angiogenesis, as well as tumor invasion and were considered obligate partners in the microenvironment leading to metastasis [106] . It was proposed that specific intracellular signaling pathways, as well as intercellular interactions, modulate whether Wnt5a suppresses or promotes tumor progression [105] .
Potential Interactions of TGF-ß and Wnt5a in Migration and Metastasis
A role for Wnt5a in mediating some of the effects of TGF-ß on metastasis is not at all clear. The roles for TGF-ß in regulating metastasis appear to be distinct from the currently known actions of Wnt5a. As tumors accumulate mutations, TGF-ß is thought to promote EMT, migration and metastasis in the late stage tumors. However, in some cases TGF-ß can inhibit metastasis (reviewed in [15, 107] ). In mouse models with complete loss of Tgfbr2 through Cre-mediated deletion, pulmonary metastasis in MMTVPyVmT generated tumors in increased [108] . This result was hard to reconcile with previous reports until the effects on the surrounding microenvironment and immune system were considered [107] [108] [109] . It was shown that loss of Tgfbr2 increased infiltrating immune cells at the edge of the tumor. This population of cells was enriched for myeloid derived suppressor cells that are known to promote metastasis in other systems through activation of MMPs and stimulation of angiogenesis. The results suggested TGF-ß can inhibit the recruitment of these cells to the tumor thereby blocking metastasis. Whether or not Wnt5a has a role in recruitment of myeloid cells to the tumor has not been addressed. Nevertheless, as described above, coculture of breast cancer cells and macrophages promotes invasion of cancer cells through up regulation of Wnt5a in the macrophage population [105] . It has been documented that many late stage tumors express very high levels of TGF-ß ligands and TGF-ß promotes recruitment and differentiation of macrophages to tumor sites (Reviewed in [110) . TGF-ß also alters the gene expression profile of tumor-associated macrophages altering the expression of Tumor Necrosis Factor alpha as well as various chemokines contributing to tumor progression. It is not known if TGF-ß stimulates Wnt5a in this context to promote tumor invasion.
Another target of TGF-ß, the transcription factor CUTL1, enhances cancer cell migration and invasion.
CUTL1 is expressed at high levels in high-grade tumors and its expression is inversely correlated to survival in breast cancer patients [111] . It was subsequently shown that one of the transcriptional targets of CUTL1 is Wnt5a [112] . It was also shown that Wnt5a mediated a large proportion of the invasive effects of CUTL1 in pancreatic tumors. The roles of TGF-ß, CUTL1 and Wnt5a have not been addressed in breast cancer.
Potential mechanisms to inhibit migration and invasion include activation of Ddr1, a collagen receptor. Germline deletion of Ddr1 has significant effects on the development of the mammary gland [113, 114] . Ddr1 null mice demonstrated defects in ductal extension through the fat pad and lateral branching in adults that are both distinct and overlapping to what is seen in DNIIR mice and Wnt5a null glands. At 3-weeks of age, ductal extension was delayed relative to control mice; however, the endbuds were greatly enlarged. In contrast, in adult mice at 3-months of age, an increase in the number and diameter of ducts was detected along with an increase in cell proliferation as measured by staining with Ki67 [113] . Increased proliferation and branching observed at 3-months in Ddr1-null mice is similar to that observed in DNIIR mice and Wnt5a-null tissue suggesting that TGF-ß, Wnt5a, and Ddr1 may interact to regulate branching in adult mammary gland. In cell culture, treatment with Wnt5a results in increased phosphorylation of Ddr1 and reduced migration in primary mouse mammary epithelial cells [18, 90] . When primary cells on collagen were treated with TGF-ß, activation of Ddr1, as measured by phosphorylation of the protein, was observed by 30 h of treatment while the level of total Ddr1 protein remained constant. Likewise, loss of TGF-ß signaling in DNIIR mice resulted in reduced phosphoDdr1 although the level of total Ddr1 protein remained constant between wild type and DNIIR mice. When primary Wnt5a-null cells were grown on collagen and treated with TGF-ß, activation of Ddr1 was not observed indicating Wnt5a was required for the response. Since activation of Ddr1 inhibits migration of breast cancer cells, the results present a potential mechanism for TGF-ß and Wnt5a to inhibit metastasis under certain circumstances.
Concluding Remarks
In summary, development of the mammary gland and tumor progression are complex processes that require coordination and deregulation of many signaling pathways. Data suggest that TGF-ß and Wnt5a have similar functions. Both TGF-ß and Wnt5a have similar expression patterns during mammary development. It has been shown that TGF-ß and Wnt5a play important roles in regulating ductal elongation and lateral branching during adolescence. Cell culture and in vivo studies indicate that Wnt5a mediates the effects of TGF-ß on branching. Both proteins are thought to act as tumor suppressors with complex roles in mediating invasion and metastasis. Tumor suppression may involve antagonism of Wnt/ß-catenin signaling and limiting the stem cell population. Metastasis is more complex, and interactions between TGF-ß and Wnt5a may depend on specific cues from the microenvironment as well as activation of specific intracellular signaling pathways. Nevertheless, the data combined suggest a potential functional interaction between TGF-ß and Wnt5a in mammary development and cancer.
